Introduction
The nitrogen and carbon isotopic composition of particulate organic matter (POM) in aquatic environments reflects and integrates the influence of biogeochemical processes in the water column and sediments including primary production, redox-sensitive nitrogen transformations, and carbonate chemistry. Both source (allochthonous, autochthonous) and transformation processes encode information in the natural distribution of stable isotopes making these measurements valuable, in situ indicators of N and C elemental cycling in these ecosystems Kendall et al. 2001; Altabet 2006) . Seasonal variation in N (δ 15 N) and C (δ 13 C) isotopic composition for example, were used to deduce that riverine plankton as opposed allochthonous sources was the dominant source of POM in an extensive survey conducted in large river systems in the United States (Kendall et al. 2001) .
There have been a number of studies of POM and DIC (dissolved inorganic carbon) δ 13 C in lakes. They generally show greater seasonal variability than those observed for marine ecosystems, due to both shifts in plankton species composition and larger relative changes in carbonate chemistry (Stiller 1977; Takahashi et al. 1990; Zohary et al. 1994 ). In contrast, there are relative few studies of lake N isotope biogeochemistry despite its potential for elucidation of N cycle dynamics (Lehmann et al. 2004 ). δ 15 N POM is influenced by the isotopic composition of the dissolved inorganic N (DIN) sources for phytoplankton, isotopic fractionation during partial utilization of these sources, as well as transfer to higher trophic levels (Altabet 2006 ).
The δ
15 N of DIN is in turn controlled by allochthonous sources, sinks from the system, as well as internal N cycling. Allochthonous sources are usually dominated by fluvial inputs, whose δ 15 N can be directly measured and biological N 2 fixation which adds combined N with a relatively low δ 15 N of between 0 and -2‰ (Carpenter et al. 1997; Brandes and Devol 2002; Mahaffey et al. 2005) . Internal cycling processes that have been shown to produce large N isotope fractionation effects include nitrification and denitrification. Whereas microbial degradation and mineralization can increase δ 15 N POM values (Altabet and McCarthy 1985; Saino and Hattori 1987; Owens and Law 1989) , no significant effect has been detected where the δ 15 N of NH 4 + produced has been measured. Previously, one of the most thorough studies of lake N isotope biogeochemistry was carried out in Lake Lugano, Italy (Lehman et al. 2004) . Being a subtropical lake in a semi-arid region, Lake Kinneret, Israel is a useful contrast more amenable to geochemical budgeting with only one significant tributary serving as the source for both water and nutrients.
Lake Kinneret, Israel and its watershed have been subject to both anthropogenic degradation and recent restoration efforts (Hambright et al. 2000) that likely altered C and N isotopic composition. Historically, an intense annual winter-spring phytoplankton bloom was typically dominated by the dinoflagellate Peridinium gatunense followed by characteristically 7-10 times lower summer and autumn biomass from July till the end of the annual cycle (Pollingher 1986; Berman et al. 1992) . Decomposition and degradation of the Peridinium biomass during a short period of 4 to 6 weeks largely fueled heterotrophic activity leading to anoxia in the hypolimnion in late spring. In the last decade, though, there has been an increase in the appearance of cyanobacteria, particularly the filamentous nitrogen fixing Aphanizomenon ovalisporum, and Cylindrospermopsis cuspis in summer-autumn (Pollingher et al. 1998; Hadas et al. 1999; Zohary 2004 ) and the absence of Peridinium gatunense blooms in some years. The appearance in Lake Kinneret of cyanobacteria capable of N 2 fixation, may add to new production, causing alterations in the biogeochemistry likely reflected in the δ 15 N of POM during summer and autumn.
While the δ 13 C of integrated water samples of POC (particulate organic carbon) and individual taxa within the food web of Lake Kinneret have been studied previously (Stiller 1977; Zohary et al. 1994; Hadas et al. 2001) , there has been no corresponding effort to use δ 15 N to study Lake Kinneret's N cycle. In the present study, we followed the temporal and depth-related fluctuations in the δ 15 N of POM (a complex mixture comprised of organic material derived from both microbial and phytoplanktonic biomass) during an annual cycle, in order to distinguish the effects of the different dominant processes involved in the nitrogen cycle in Lake Kinneret, Israel; i.e, nitrification, denitrification, and N 2 fixation. Distinct seasonal phasing of these processes appears to have produced the largest known seasonal variations in δ 15 N POM.
Methods
Study site: Lake Kinneret, Israel, is a freshwater, warm monomictic lake, stratified for 7-8 months of the year. Our study site, Station A, is located in the central and deepest part of the lake (Knapp et al. 2005 ). 14 mL samples were reacted with 6 mL of reagent (175 mL Aphanizomenon ovalisporum, Microcystis spp. are buoyant and can be easily isolated from other components of the plankton. Microcystis floating near-shore was collected directly using a pump.
Peridinium gatunense sinks quickly and was thus easily separated. The collected material was microscopically examined for purity of the isolated species and only nearly mono-species samples were frozen and lyophilized (Hato). 0.5-1.0 mg of the lyophilized dry samples was analyzed for δ 15 N and δ 13 C as described above.
Nitrate reductase activity -Dissimilatory nitrate reductase (NR) activity is the first step in the denitrification process. NR activity was used to detect active denitrification and was measured on 500 mL of lake water samples as described in Hochman et al. 1986 .
Results and Discussion

Identification of seasonally dominant processes
Nitrification -During the long, summer-autumn, period of strong thermal stratification, (Fig. 2) .
Denitrification -Denitrification in the sediments probably occurs throughout the whole year (Cavari and Phelps 1977) . However, sedimentary denitrification has minimal effect on the overlying system's N isotope geochemistry due to transport limitation of the overall rate which has a very low isotopic fractionation potential (Brandes and Devol 1997 (Fig. 4A) paralleling the sharp rise in δ + (Fig. 5) (Berman et al. 1984) .
Moderately high δ
15 N POM values were subsequently observed in May of both years ( (Montoya and McCarthy 1995; Waser et al. 1998; Needoba et al. 2003) .
May is also the period of denitrification in the hypolimnion when δ During summer-autumn stratification, the euphotic zone of Lake Kinneret was depleted of DIN, a condition favorable to N 2 fixation. Since 1994, there has been a shift in phytoplankton population at this time toward cyanobacteria blooms of the filamentous nitrogen fixers, Aphanizomenon ovalisporum and Cylindrospermopsis cuspis (Pollingher et al. 1998; Hadas et al. 1999; Zohary 2004) . Summer-autumn decreases in δ Through most of the time-series, δ
13
C POM was typically between -30 and -25‰ (Fig. 6) .
Higher values developed in the epilimnion during the bloom period but lagged the maxima in δ 15 N POM by a month. Increased POM δ 13 C (as high as -18‰ but more typically -21‰) was consistent with reduced isotopic fractionation during C fixation when dissolved [CO 2 ] decreased due to increased temperature and intense photosynthesis (Berman-Frank et al. 1998) . Much lower POM δ 13 C (-32‰) was observed in May within the chemocline and benthic boundary layer (hypolimnion) due to chemosynthetic activity of sulfide oxidizers (Hadas et al. 2000 (Hadas et al. , 2001 . Light C isotopic composition is known to occur during assimilation by chemoautotrophic ammonia, sulfide and methane oxidizing bacteria (Cavanaugh et al. 1981 ; Del Giorgio and France 1996; Kiyashko et al. (Seitzinger 1988; Mengis et al. 1997 ), but in Lake Kinneret and similar systems the mode of coupling with nitrification may also be essential. N and N isotope budgeting will be dealt with in another paper. Overall, time-series N isotopic analysis is an important approach for studying lake N cycle with even larger signal amplitude as compared to prior successful open ocean studies (Altabet 2006) . This is particularly so when seasonal stratification and destratification produces large swings in redox state and favored N cycle process as seen in Lake Kinneret. We also anticipate long-term changes in Lake Kinneret δ 15 N due to changes in land use in the watershed of the lake producing changes in allochthonous N sources entering the lake via the Jordan River. (C) Dissolved inorganic nitrogen concentrations in the epilimnion at 1m depth 
